Background: This study aimed to investigate whether exogenous hydrogen sulfide (H 2 S) can protect the RAW264.7 macrophages against the inflammation induced by free fatty acids (FFA) by blunting NLRP3 inflammasome activation via a specific TLR4/NF-κB pathway. Methods: RAW264.7 macrophages were exposed to increasing concentrations of FFA for up to 3 days to induce FFA-induced inflammation. The cells were pretreated with NaHS (a donor of H 2 S) before exposure to FFA. Cell viability, cell apoptosis, TLR4, NF-κB, NLRP3 inflammasome, IL-1β, IL-18 and cleaved caspase-3 expression were measured by a combination of MTT assay, ELISA, and immunoblotting. Results: H 2 S attenuated FFA-induced cell apoptosis, and reduced the expression of NLRP3, ASC, pro-caspase-1, caspase-1, IL-1β, IL-18 and caspase-3. In addition, H 2 S inhibited the FFA-induced activation of TLR4 and NF-κB. Furthermore, NLRP3 inflammasome activation was regulated by the TLR4 and NF-κB pathway. Conclusion: The present study demonstrated for the first time that H 2 S appears to suppress FFA-induced macrophage inflammation and apoptosis by inhibiting the TLR4/ NF-κB pathway and its downstream NLRP3 inflammasome activation. Thus H 2 S might possess potential in the treatment of diseases resulting from FFA overload like insulin resistance and type diabetes.
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Introduction
The ongoing global epidemic of metabolic syndrome and obesity has generated renewed interest on the mechanisms by which metabolic overload driven increase in circulating free fatty acids impinge on the chronic inflammatory pathways within the immune microenvironment [1] . It is however well appreciated that this inflammation is central to development of insulin resistance [1] [2] [3] . "Metainflammation" refers to the unresolved chronic inflammation as a result of interplay between macrophages and adipocytes [4] .
Metainflammation is reliant on the C-C chemokine receptor type 5 (CCR5) and CCR2 signaling [5] [6] [7] [8] [9] . Fatty acids were shown to induce inflammation in the extracellular milieu by activating toll-like receptor (TLR) signaling, inclusive of TLR4, TLR2, and subsequently promoting its dimerization with TLR6 or TLR1 [10] [11] [12] [13] . Fatty acids have also been shown to induce inflammation in primary human macrophages [14] .
An important regulator of inflammation associated with metabolic syndrome is the nucleotide-binding domain, leucine-rich-containing family, pyrin domaincontaining-3 (NLRP3) inflammasome, which consists of caspase-1 and apoptosis-associated specklike protein containing a caspase recruitment domain (ASC) [15] . In fact, induction of phosphorylation of the p65 subunit of NF-κB resulting in NF-κB signaling activation is prerequisite for transcriptional activation of NLPR3 [15] . Cleavage, processing and secretion of pro-inflammatory cytokines IL-1β and IL-18 result from NF-κB-mediated activation of NLRP3 inflammasome and subsequent caspase-1 activation [16] . It is however unknown if the TLR4-NF-κB-NLRP3 pathway is involved in free fatty acid-induced inflammatory response within resident macrophages.
Hydrogen sulfide (H 2 S), synthesized from cysteine by cystathionine gamma lyase (CSE), along with nitric oxide (NO) and carbon monoxide (CO) form the group of biologically active gasomediators or gasotransmitters, and participates in both pro-and anti-inflammatory signaling [17] [18] [19] [20] . H 2 S has been shown to be a modulator of leukocyte-mediated inflammatory responses [21] and its synthesis increases during pro-inflammatory conditions [22] . The objective of the current study was to investigate if exogenous H 2 S exhibits protection against free fatty acid (FFA)-induced inflammation and the underlying mechanism(s) dictating such observations.
Materials and Methods
This study was approved by the Institutional Review Board at Chengdu Military General Hospital.
Cell culture
The mouse macrophage cell line RAW264.7 (ATCC, Manassas, VA, USA) was maintained at 37 0 C in a CO 2 incubator. Complete RPMI medium (ThermoFisher Scientific, Shanghai, China) supplemented with 10% fetal bovine serum and penicillin (100 U/ml)/streptomycin (100 µg/ml) (ThermoFisher Scientific) was used as the culture medium.
Treatment
Where indicated, cells were treated with palmitic (C16:0) (P0500) and oleic acid (C18:1) (O1008) (Sigma Aldrich, Beijing, China). 0.1 M stock solutions were prepared by dissolving the respective free fatty acid (FFA) in DMSO. Control cells were treated with a similar concentration (v/v) of DMSO vehicle control. Cells were exposed for indicated times with increasing concentrations of a fresh mixture of exogenous FFA in a molar ratio of 1:2 palmitic:oleic acid. The major portion of FFA in the blood is carried in association with blood as FFA by itself is highly insoluble in the aqueous phase. Hence, serum levels of FFA are classically determined and dictated by the total serum FFA to total serum albumin. In the current study, FFA was complexed at a 4:1 molar ratio with bovine serum albumin (BSA) in accordance with the preexisting albumin concentration in the cell culture media due to FBS supplementation.
To explore the protective effect of H 2 S on the FFA-induced inflammatory response, cells were pretreated with 400 μM sodium hydrosulfide (NaHS) (Sigma Aldrich) for 30 minutes prior to FFA treatment [23] [24] [25] . To confirm the role of TLR4, cells were treated with 5μM TAK-242 (inhibitor of TLR4) (ThermoFisher Scientific) along with FFA treatment.-To confirm the role of NF-κB, cells were pretreated with 10 µM BAY11-7082 (inhibitor of NF-κB) (Sigma Aldrich) for 1 hour prior to FFA treatment.
RNA interference and transfection

RAW264.7 cells (4 × 10
Protein extraction and western blotting Protein was extracted from RAW264.7 cells with RIPA buffer, containing 50 mM Tris-HCl (pH 7.4), 150 mM sodium chloride, 1% NP-40, 0.25% sodium deoxycholate, 1 mM EDTA, 1% protease inhibitors cocktail (78425, Pierce, Rockford, IL, USA), 1 mM PMSF (36978, Pierce), 1 mM sodium orthovanadate (S6508, Sigma Aldrich) and 50 mM sodium fluoride (S7920, Sigma Aldrich). Protein concentrations were determined using the BCA Protein Assay Kit (23227, Pierce). 40 μg of total protein was resolved by SDS-PAGE. The blots were probed with primary antibodies against (TLR4 (#ab13556) (1:2000), NLRP3 (#ab214185) (1:1000), (both from Abcam, Cambridge, MA, USA), ASC (#67824) (1:500), p-p65 (#3033) (1:1000), totalp65 (#8242) (1:1000), caspase-1 (#2225) (1:1000), pro-caspase-1 (#12242) (1:1000), cleaved caspase-3 (#9661) (1:1000) or GAPDH (#2118) (1:10000) (all from Cell Signaling Technology, Beverly, MA, USA).
Statistical analysis
Unless otherwise indicated, data was represented as means ± standard error. Differences between groups were analyzed by one-way analysis of variance (ANOVA) with SPSS 16.0 (Chicago, IL, USA). A P value < 0.05 was considered as statistically significant.
Results
FFA induced apoptosis and inflammation in RAW264.7 cells
We initially investigated the effect of increasing concentrations of FFA on RAW264.7 macrophages after days 1, 2, and 3. Determination of experimental doses was done by assessing cell viability in comparison to cells treated with equivalent concentration (v/v) of the DMSO vehicle. Cell viability was always higher than 50% in FFA treated and 100% in DMSO treated cells. Significant decrease of cell viability was observed on all three days with 600 and 1000 µM FFA, but not with 250 µM FFA (Fig. 1A , *P< 0.05; **P<0.01). Hence, 600 µM FFA was used for all subsequent experiments. The decrease in cell viability post-FFA treatment was consistent with an induction of the apoptosis marker cleaved caspase-3 (Fig.  1B) .
Coincident with exacerbated apoptosis in FFA-treated RAW264.7 cells, ELISA revealed enhanced release of the pro-inflammatory cytokines in the culture supernatant. As shown in Fig. 1C and 1D , the levels of both IL-1β and IL-18 increased in culture supernatants of RAW264.7 cells treated with FFA for twenty four hours compared to corresponding culture supernatant treated with DMSO vehicle control (P<0.01). Of note, the inflammatory response as assessed by the cytokine levels in culture supernatants in the current scenario is rather a consequence of cell death than physiological secretion of cytokines in response to FFA. . RAW264.7 cells were treated with 600µM FFA for indicated time frame, and then western blot analysis was performed to assess induction of the apoptosis marker, cleaved caspase-3. The blot was stripped and re-probed with GAPDH as a loading control. Experiment is representative of three independent experiments (B). RAW264.7 cells were cultured with 600µM FFA and protein levels of IL-1β (C) and IL-18 (D) were detected by ELISA. Data were presented as means ± standard error, from 10 independent experiments.*P < 0.05 vs. control, **P < 0.01 versus control. 
Exogenous H2S protected against FFA-induced apoptosis and inflammation
We next investigated the effect of H 2 S on FFA-induced injury. With pretreatment of NaHS for 30 minutes, cell viability was significantly increased compared to FFA-treated cells that were not pretreated with NaHS (Fig. 3A , *P< 0.05; **P<0.01). In addition, the induction of the apoptosis marker cleaved caspase-3 was reduced to levels observed in control cells (Fig. 3B) . Furthermore, we examined the expression of pro-inflammatory cytokines in FFA + NaHS group. Pretreatment of RAW264.7 cells with NaHS significantly attenuated the release of both IL-1β and IL-18 in culture supernatants after twenty four hours compared to that observed in culture supernatant of cells treated with DMSO vehicle control (Fig. 3C, 3D ).
In addition, the expression of NLRP3 inflammasome in the FFA + NaHS group was markedly reduced compared to the FFA group without no NaHS pre-treatment (Fig. 4A) . The increase of TLR4 (Fig. 4A ) and NF-κB (Fig. 4B ) activation induced by FFA were also attenuated by NaHS. Treatment with NaHS alone did not have any effect on cell viability, apoptosis, or inflammasome (Fig. 3A-D, Fig. 4A, 4B ).
Apoptosis and inflammation in FFA-treated macrophages is mediated by the NLRP3 inflammasome
To assess the role of the NLRP3 inflammasome in FFA-induced changes in cell viability and inflammasome we performed the assay in RAW264.7 transiently transfected either with a control non-targeting siRNA or siRNA directed against NLRP3. The protein level of NLRP3 Fig. 3 . FFA induced cell apoptosis and inflammation in RAW264.7 macrophages is attenuated by H 2 S (NaHS) treatment. RAW264.7 cells were treated with FFA at indicated concentrations. In indicated cases, cells were pre-treated with 400µM NaHS for 30 minutes. MTT assay was used for cell viability detection (A). RAW264.7 cells were treated with 600µM FFA for indicated time frame. In indicated lanes, cells were pre-treated with 400µM NaHS for 30 minutes. Western blot analysis was performed to assess induction of cleaved caspase-3. The blot was stripped and re-probed with GAPDH as a loading control. Experiment is representative of three independent experiments (B). RAW264.7 cells were cultured with 600µM FFA for 24 hours ± NaHS pre-treatment 30 minutes and protein levels of IL-1β (C) and IL-18 (D) were detected by ELISA. Data were presented as means ± standard error, from 10 independent experiments.*P < 0.05 vs. control, **P < 0.01ver-sus control. Fig. 4 . FFA-mediated induction of NLRP3 inflammasome, TLR4 and NF-κB in RAW264.7 cells is attenuated by H 2 S (NaHS) treatment. RAW264.7 cells were treateded with 600 µM FFA for 24 hours ± NaHS pre-treatment for 30 minutes. Western blot analyses were used to assess protein levels of indicated antigens including NLRP3 and TLR4 (A), and NF-κB (B). The blots were stripped and re-probed with GAPDH as a loading control. Experiment is representative of three independent experiments.
Fig. 5.
Apoptosis and inflammation in FFA-treated macrophages is mediated by the NLRP3 inflammasome. RAW264.7 cells were cultured with 600 µM FFA in cells transfected with either siRNA targeting NLRP3 or a non-silencing control [. Western blot analyses were used to assess protein levels of indicated antigens including subunits of the NLRP3 inflammasome, which showed NLRP3 gene silencing decreased the expression of ASC and caspase-1. The blots were stripped and re-probed with GAPDH as a loading control. Experiment is representative of three independent experiments (A). MTT assay was used for cell viability detection in the stated conditions (B). Western blot analysis was used to assess protein levels of cleaved caspase-3 in the stated conditions. The blot was stripped and re-probed with anti-GAPDH antiboy t3 loading control. Experiment is representative of three independent experiments (C). RAW264.7 cells were cultured with 600µM FFA ± siRNA-NLRP3 or control non-silencing siRNA and protein levels of IL-1β (D) and IL-18 (E) were detected by ELISA. Data were presented as means ± standard error, from 10 independent experiments.*P < 0.05 vs. control, **P < 0.01versus control.
to observed in control cells (Fig. 1B) . Expression of the pro-inflammatory cytokines IL-1β (Fig. 5D) and IL-18 (Fig. 5E ) decreased to levels observed in control cells.
TLR4 and NF-κB mediated the FFA-induced NLRP3 inflammasome activation
We next determined the association among TLR4, NF-κB and NLRP3 inflammasome. The protein level of phosphorylated NF-κB was decreased in FFA+TAK-242 group compared to the FFA + vehicle group (Fig. 6A ). There was no robust difference in phosphorylated NF-κB expression between TAK-242 group and control group (Fig. 6A) .
Moreover, we inhibited the expression of NF-κB by BAY11-7082, which specifically abrogates NF-κB DNA binding. Inhibition of NF-κB activation by BAY11-7082 decreased NLRP3 protein expression (Fig. 6B ). Mo significant difference in phosphorylated NF-κB expression between TAK-242 group and control group was observed (Fig. 6A) . Cumulatively, the data indicated that NF-κB is potentially inducing the NLRP3 inflammasome expression following FAA treatment.
Discussion
Our results presented here cumulatively demonstrate that FFAs can activate TLRmediated pro-inflammatory signaling pathways in macrophages (RAW264.7), which can be resolved by pretreatment with NaHS. H2S has been previously shown to resolve or attenuate inflammation in different inflammatory disorders like LPS-induced acute lung injury [26] , glucose-induced cardiotoxicity [27] , myocardial hypoxia-reoxygenation injury [28] , and in neurodegenerative disorders like Parkinson's disease [29] [30] [31] .
It has been previously shown that the inflammatory responsiveness of cells to FFAs is increased if cultured in low FBS concentration (0.25%) compared with 10% FBS used in the current study [13] . This enhanced inflammatory response was shown to be dictated by enhanced reactive oxygen species production in the serum-starved conditions [13] , which precludes that the inflammation we observed in the current study can be attributed to just the fatty acid treatment. Our results provide mechanistic insight about the activation of TLRand NF-κB-derived signaling pathways induced by FFA and suggest that conditions that can modulate NLRP3 protein levels can affect the inflammatory responsiveness of cells to the FFA-based inflammatory stimuli.
Our data also showed that activation of NLRP3 inflammasome led to increased expression of IL-1β and IL-18 post-FFA treatment. Furthermore, NLRP3 silencing significantly attenuated the FFA-induced activation of IL-1β and IL-18, as well as cell death. It has been previously shown that high-fat diet (HFD) and inflammation are key contributors to insulin resistance and type 2 diabetes (T2D) [32] . It was shown that NLRP3-ASC inflammasome mediated IL-1β and IL-18 production involved the mitochondrial reactive oxygen species and the AMP-activated protein kinase and unc-51-like kinase-1 (ULK1) autophagy signaling cascade [32] . It has also been shown that the mitochondrial uncoupling protein 2 (UCP2) Fig. 6 . TLR4 and NF-κB induced NLRP3 inflammasome activation. Protein levels of p-p65 and total-p65 (A) and NLRP3 (B) in RAW264.7 cells treated as indicated were detected by western Blot analysis. Western blot analysis was used for protein levels of cleaved caspase-3 in the stated conditions. The blot was stripped and re-probed with anti-GAPDH antibody to confirm loading control. Experiment is representative of three independent experiments. regulates the NLRP3 inflammasome by inducing the lipid synthesis pathway in macrophages [33] It will thus be important to determine the roles, if any, of ULK1 and UCP2 in the contextof FFA-induced NLRP3 inflammasome.
Endogenous FFAs are actually metabolic intermediates obtained through the diet or synthesized within the body [34] . Even though they do provide an important source of energy, they have detrimental effect especially when there is a FFA overload [34] . It seems that saturated fatty acids are more prone than unsaturated fatty acids in promoting NLRP3 inflammasome activation [34] . In our study we used a combination of unsaturated and saturated fatty acid, so a similar study with independent exogenous treatment with saturated and unsaturated fatty acid is warranted in the future.
Pretreatment of cells with the TLR4 inhibitor TAK-242 inhibits the production of lipopolysaccharide (LPS)-induced inflammatory mediator by binding to the intracellular domain of TLR4. Using the inhibitors of TLR4 and NF-κB, we found that in FFA-treated k cells, inhibiting TLR4 signaling reduced the expression of NF-κB, while blocking NF-κB activation downregulated NLRP3 expression in FFA tread cells [35] . Furthermore, siRNA mediated silencing of TLR4 in monocytes led to decreased NF-κB activity and IL-1β release [35] . Moreover, NF-κB is known to increase expression of NLRP3 and IL-1β; in fact NF-κB binding sites are present in the NLRP3 promoter [36, 37] . Cumulatively, NLRP3 inflammasome activation is thus a central outcome of TLR4/NF-κB stimulation in FFA-overload-mediated inflammation.
In conclusion, in the current work we show that exogenous H 2 S can exert antiinflammatory effects against FFA-induced inflammation and apoptosis in macrophages by suppressing TLR4/ NF-κB stimulated NLRP3 inflammasome activation. H 2 S can thus be a potential therapeutic agent to prevent FFA-overload-mediated insulin resistance and type 2 diabetes.
